Si 1−x Ge x O y nanowire (SiGeONW) assemblies with cord-, chain-, and tubelike morphologies were grown on a Si substrate via the carbothermal reduction of GeO 2 /CuO powders at 1100°C in Ar. The growth of various SiGeONWs assemblies follows the vapor-liquid-solid process. The CuSiGe droplets formed during the growth of SiGeONWs simultaneously play the roles of catalyst and reactant. The morphology of SiGeONWs assemblies is not temperature controlled but dependent on the Cu concentration and the size of CuSiGe catalysts. This phenomenon is unlike the Geand Ga-catalyzed growth of SiO x nanowire assemblies. In addition, the processing parameters and the mechanisms for the growth of SiGeONWs assemblies with various morphologies are discussed.
I. INTRODUCTION
SiO 2 nanowires (SiONWs) and GeO 2 nanowires (GeONWs) have attracted significant research attention due to their promising properties such as intense blue light emission at room temperature and high refractive index. 1, 2 The optical properties of SiONWs may be improved by Ge doping because GeO 2 is more refractive than SiO 2 . Ge + -doped SiO 2 films,and Si 1−x Ge x O 2 nanowires (SiGeONWs) have shown a blue shift of their photoluminescence peaks. 3, 4 As yet, only the Aucatalyzed growth of SiGeONWs from a Si 1−x Ge x film has been reported. 4 On the basis of the vapor-liquid-solid (VLS) growth mechanism, SiONWs and GeONWs have been grown by various techniques, including laser ablation, 1 thermal evaporation, [5] [6] [7] [8] [9] [10] [11] [12] [13] laser ablation associated with thermal evaporation, 14 and chemical vapor deposition. 15, 16 A common feature of the conventionally VLS-grown nanowires is that each nanowire terminates at its top end in a catalyst droplet. Recently, Ga, 5, 6, 16 Sn, 7, 12 and Ge 14 were proved to be effective catalysts for the growth of highly aligned SiONWs, which show many amazing morphologies and growth phenomena, unlike those observed in the conventional VLS growth process. In addition, for the Ga-and Ge-catalyzed growth of SiONWs, the morphology of the nanowire assemblies is temperature dependent. 14, 16 Furthermore, for the Ga-catalyzed growth of SiONWs, an interesting sandwichlike growth process was observed, where the SiONWs nucleate and grow on the Si crystals instead of the Ga droplet surface. 6 These results reveal that the growth route of nanowires still remains to be explored to enrich the current VLS growth mechanism.
In the present study, we report the simultaneous growth of SiGeONW assemblies with various morphologies on a Si substrate at 1100°C via the VLS mechanism. The morphology of SiGeONW assemblies is determined by the Cu concentration and the size of the CuSiGe catalysts formed during reactions. This result is different from the temperature-controlled growth of various SiONW assemblies catalyzed by Ge and Ga, respectively. 14, 16 Meanwhile, the processing parameters and mechanisms for the growth of various SiGeONWs assemblies are discussed.
II. EXPERIMENTAL
Mixed powders of GeO 2 (99.999%)/CuO(99.7%)/ graphite(99%) with the weight ratios of (2 − x):x:2, where x ‫ס‬ 0.25, 0.5, 1, 1.5, and 1.75, were prepared. The mixed powders, about 1.2 g, were loaded into an alumina boat. The Si and Au-coated Si substrates were ultrasonically cleaned in trichloroethane, acetone, and de-ionized water for 10 min. After they were dried with N 2 gas, the substrates were placed on the center of an alumina boat above the mixed powders. Then the alumina boat associated with the substrate was loaded into a tube furnace. The Au-coated Si substrates were prepared by depositing a 20-nm-thick Au film onto the Si substrates at room temperature in an electron beam evaporation system. The growth of nanowires was performed at 1100°C for 5-60 min in flowing Ar with a flow rate of 100 sccm. After growth, the samples were cooled in air. The microstructures of the samples were observed using scanning electron microscopy (SEM) and transmission electron microscopy (TEM); both instruments were equipped with a field emission gun. The chemical compositions of the samples were analyzed using SEM/energy dispersive spectroscopy (EDS) and TEM/EDS, respectively. The cathodoluminescence (CL) spectra of SiGeONWs assemblies were obtained in the SEM with an electron probe microanalyzer. CL spectra were accumulated with a spectral resolution of 2 nm. The CL excitation was performed with a beam current of about 55 A.
III. RESULTS AND DISCUSSION
The SiGeONW assemblies with cord-, chain-, and tubelike morphologies were grown at 1100°C in Ar on the up-and down-stream sides of the Si substrate from the source materials of GeO 2 :CuO:C ‫ס‬ 1:1:2. The chainand tubelike SiGeONW assemblies were dominant, while traces of cordlike assemblies were observed. As the weight ratio of CuO (x) was below 0.5, no SiGeONWs except the particles containing Si, Ge, and O were grown. However, as x was above 1.5, SiONWs instead of SiGeONW assemblies were grown. In our previous studies, the SiONWs were grown on the Si substrate at 1100°C in Ar from the source materials of CuO:C ‫ס‬ 1:1 via the vapor-solid mechanism. 17 These results indicate that the relative amount of GeO 2 and CuO in the source materials is crucial for the growth of SiGeONWs. In the present study, therefore, the source materials of GeO 2 :CuO:C ‫ס‬ 1:1:2 were used for the growth of various SiGeONW assemblies. Figure 1 shows the morphology of cordlike SiGeONWs, where the nanowires have a length around 100 m and a diameter of 200-400 nm. At the tops of cordlike nanowires, a spheroid with the diameter around 1 m was observed. SEM/EDS analyses show that the spheroids are Cu-rich with average compositions of Cu:Si:Ge:O ‫ס‬ 62.8:9.8:19.2:8.2. TEM/EDS analyses show that these nanowires are of amorphous SiGe oxide (Fig. 2) .
A. Growth of cordlike SiGeONWs

B. Growth of chain-and tubelike SiGeONW assemblies
A SEM image of numerous chainlike wires is shown in Fig. 3 . The chainlike wires taper off from the top to the bottom. Their diameters are periodically modulated along the growth direction; i.e., the chainlike wires consist of the spherical part (knot) and linear part (neck). The diameter of knots and necks is in the range of 0.5-3 m. The chainlike wires possess a hollow structure with the shell composed of closely packed SiGeONWs, as shown in Fig. 4 , where the SiGeONWs grown on the surface of a spheroid have a diameter around 20 nm. The spheroids with a diameter of 0.1-3 m randomly distribute in the knots and necks, as shown in Fig. 5 . From TEM/EDS analyses, the Ge concentration in the spheroids is above 80 at.%; e.g., Cu:Si:Ge:O ‫ס‬ 2.3:6.0:83.9:7.7. At 1100°C, the Ge-rich spheroids are almost in the liquid state because the melting point of Ge is near 938°C. It seems that during growth, part of a droplet can break into small droplets, and then they can either move upward along the growth direction or remain in the knots and necks.
With increasing growth time, the growth front of the chainlike SiGeONW assemblies gradually transform to the tubelike morphology, and eventually only the tubelike morphology remains dominant, as shown in Fig. 6 . In addition, the chainlike morphology prevails for the wires with diameter smaller than 2 m, whereas there is nearly no periodicity for those with a diameter larger than 3 m. Meanwhile, the spheroids on the tops of tubes have a larger diameter ranging from 3 to 6 m, and higher Cu concentration, Cu:Si:Ge:O ‫ס‬ 34.7:4.5:43.7: 
17.1, compared with those of chainlike wires. These results reveal that during growth, the continuous increase in the size and the Cu concentration of CuSiGe catalysts favors the growth of tubelike SiGeONW assemblies. The SEM images in Fig. 7 show that the shell of tubes is composed of many nanowires with a diameter around 100 nm, which were identified to be of amorphous SiGe oxide by TEM/EDS analyses. Because of the similarities between the internal structures of chain-and tubelike wires, the tube may be classified as a chainlike wire with a very large wavelength.
The above results reveal that the CuSiGe-catalyzed growth of various SiGeONWs assemblies is selfcatalytic because the CuSiGe droplets simultaneously play the roles of catalyst and reactant. In addition, based on the aforementioned EDS data, one can conclude that the Cu concentration of the CuSiGe spheroids decreases in sequence for those on the tops of cord-, tube-, and chainlike assemblies. It seems that both the Cu concentration and the size of spheroids play an important role in determining the morphology of SiGeONW assemblies. These phenomena are discussed in Sec. D.
The CL spectra of various SiGeONW assemblies show a peak around 390 nm. One example is shown in Fig. 8 . The deep blue emission around 390 nm may be attributed to oxygen-deficient defects such as O 3 ≡Si-Ge≡O 3 and O 3 ≡Ge-Ge≡O 3 in the amorphous SiGeONWs. 
C. Growth mechanisms of cordlike nanowires
The spheroids on the tops of cordlike nanowires may be composed of three alloys with different molar percents, i.e., Cu 69. 9 During growth of SiGeONWs, the amount of SiO and GeO in the vapor state is critical. SiO(g) can be produced from the reaction between CO 2 and the Si substrate. [17] [18] [19] [20] These reactions are shown in the following:
Thus, GeO, SiO, and Cu in the vapor phase transport to the Si substrate to form liquid CuSiGe droplets at 1100°C. The droplets can continue to absorb GeO, SiO, and Cu species from the vapor. As the droplets become supersaturated with the SiGeO species, the SiGeONWs start to nucleate and grow on the lower surface of the CuSiGe droplets, and subsequently the droplets are lifted away from the Si substrate, forming the cordlike SiGeONWs assemblies. 
D. Growth mechanisms of chain-and tubelike SiGeONWs assemblies
The CuSiGe spheroids on the tops of chain-and tubelike wires are mainly composed of Ge, and Ge and Cu 63.5 Ge 36.5 , respectively, as deduced from their chemical compositions. At 1100°C, the CuSiGe spheroids are in the liquid state. Therefore, the growth of chain-and tubelike wires also follows the VLS mechanism like that of cordlike nanowires. The SiGeONWs nucleate and grow on the surface of CuSiGe droplets except the central region. As the growth process continues, the nanowires exert a force to lift the droplets upward, forming a tubular structure.
It was reported that for the VLS growth of chainlike wires, two opposing effects simultaneously operate in the droplets. 21 One is the ratio of the supply at the vaporliquid interface to the amount consumed at the liquidsolid interface; another is the Gibbs-Thomson effect. The interactions between the two effects result in the periodic instability and thus the growth of chainlike structures. Above all, the vapor supersaturation is the driving force for the periodic instability. In the present study, as the chainlike wire continues to grow, its head associated with the catalyst may grow larger. The required vapor supersaturation at the vapor-liquid interface increases with an increase in the size of the droplet due to the Gibbs-Thomson effect. At a certain vapor supersaturation, therefore, the periodic instability and thus the growth of chainlike wires can be suppressed for the droplet with a larger size.
Interestingly, the Cu concentration of CuSiGe spheroids decreases in sequence for those on the tops of cord-, tube-, and chainlike SiGeONW assemblies. In addition, the diameter of SiGeONWs increases with increasing Cu concentration of CuSiGe spheroids. It seems that not only the size but also the Cu concentration of CuSiGe spheroids plays an important role in determining the morphology of SiGeONW assemblies. Because the melting points of Cu 69.9 Si 30.1 , Cu 63.5 Ge 36.5 , and Ge phases are different, the Cu content in the CuSiGe catalysts may influence the dimension of droplets, the concentration of the reactant in the droplets, and thus the morphology of SiGeONWs assemblies.
To explore the effect of other metal replacing Cu in CuSiGe spheroids on the growth of SiGeONWs assemblies at 1100°C in Ar, the source materials of GeO 2 :C ‫ס‬ 1:1 and Au-coated substrates were used. However, no nanowires were grown until a certain amount of water vapor was introduced into Ar. In moist Ar, the spindlelike SiGeONW assemblies were grown, as shown in Fig. 9 . Meanwhile, at the tops of SiGeONW assemblies, a spheroid containing Au, Ge, Si, and O with Ge dominant (>50 at.%) was observed. At 1100°C, the spheroids can be in the liquid state because the melting point of Ge is 938°C and the AuSi and AuGe alloys have eutectic temperatures of 363 and 361°C, respectively, revealing that the AuSiGe-catalyzed growth of spindlelike SiGeONW assemblies also follows the VLS process. In contrast with the CuSiGe spheroids, the AuSiGe spheroids catalyze only one type of SiGeONW assembly.
Based on the present studies, the size and chemical compositions of catalysts as well as the reactants in the source materials and carrier gases have significant effects on the growth and morphologies of nanowires. It is conceived that other processing parameters such as the flow rate may also affect the growth of nanowires. More details remain to be studied.
IV. CONCLUSION
In conclusion, the growth of chain-, tube-, and cordlike SiGeONWs assemblies via the carbothermal reduction of GeO 2 /CuO powders at 1100°C follows the VLS mechanism. The formation of chainlike SiGeONWs assemblies may be explained in terms of the periodic instability of the CuSiGe droplets during growth. The Cu concentration in the CuSiGe catalysts increases in sequence for those on the tops of chain-, tube-, and cordlike SiGeONW assemblies. With increasing growth time, the continuous increase in the size and Cu concentration of the CuSiGe droplets finally causes the chainlike SiGeONW assemblies to grow into the tubelike ones. The present studies reveal that the size and chemical compositions of catalysts as well as the reactants in the source materials and carrier gases have significant effects on the growth and morphologies of SiGeONW assemblies.
